I maging has become an indispensable tool in cardiovascular research, clinical trials, and medical practice. Traditional imaging modalities provide primarily anatomic as well as some physiological information. The emerging field of molecular imaging aims to expand beyond these traditional targets to visualize specific biochemical structures or biological processes. Platforms under exploration for molecular imaging include ultrasound, single-photon emission computed tomography (SPECT), positron emission tomography (PET), computed tomography (CT), magnetic resonance imaging (MRI), and optical techniques, such as fluorescencemediated tomography (FMT) and catheter-based sensors. Ultimately, molecular imaging may allow clinicians to reach beyond anatomy to visualize the expression and activity of particular molecules, cells, or functions that influence disease progression, outcome, and/or responsiveness to therapeutics.
The last 3 decades have seen explosive growth in the application of cardiovascular molecular imaging, as demonstrated by a recent PubMed search (Figure) . Despite basic science advances, translation into clinically available agents and techniques has lagged. In September 2009 the National Heart, Lung, and Blood Institute (NHLBI) convened a working group of experts in the fields of molecular imaging and cardiovascular disease to assess the current state of molecular imaging and its application to cardiovascular diseases, to identify areas where cardiovascular molecular imaging was likely to have an impact, to explore barriers to the translation of molecular imaging toward clinical application, and to inform the NHLBI on national priorities for the promotion of translation of cardiovascular molecular imaging. Here, we summarize state-of-the-art technologies, their challenges, clinical needs, and specific recommendations of the working group.
Current State of Molecular
Imaging Technology
Optical Imaging
Fluorescence illumination and observation is one of the most rapidly expanding imaging technologies, both in medical and biological sciences. 1 Fluorescence refers to the property of molecules termed fluorochromes to absorb light at a specific wavelength and to emit light of longer wavelength after a brief interval. Fluorochrome-containing imaging agents have a number of distinct advantages. They can be administered in trace amounts; they do not decay, simplifying chemical synthesis and obviating the need for onsite radiochemistry; they are not radioactive, avoiding exposure to ionizing radiation and permitting multiple administrations; and they are detectable by a wide variety of other means (eg, fluorescence-activated cell sorting, gel electrophoresis, and histochemistry), making them ideally suited for development through high-throughput and/or high-content screening approaches. Further advantages include multichannel capabilities based on spectrally resolved imaging similar to multicolor microscopy and the use of activatable probes that report on enzyme activities and improve target-background ratios. A number of fluorescent imaging agents have been developed and are being scaled up for clinical testing. 1 The simplest form of fluorescence detection is by epiillumination, and a number of experimental imaging platforms exist. Fiber-optical approaches based on epiillumination are being adapted to intravascular sensing either through miniaturized guidewires 2 or fluorescence angioscopy. 3 The latter are particularly promising, and experimental systems have been developed for eventual clinical use. FMT, using transillumination rather than epi-illumination to recon-struct 3-dimensional maps of fluorochromes based on sophisticated reconstruction algorithms, is inherently quantitative. Multimodality imaging combines FMT with CT or MRI for improved photon reconstruction and anatomic reference, and is performed in 2 to 4 channels for concomitant sensing of different biological targets. 4 Fluorescense molecular tomography platforms also permit reconstruction of visible fluorescence, permitting tracking of fluorescent proteins or genetically modified cells irrespective of cell division in vivo. 5 Tomographic fluorescent imaging approaches currently serve experimental work primarily but also have clinical potential (eg, in conjunction with ultrasound).
Radionuclide Imaging
Noninvasive targeted radiotracer-based SPECT and PET approaches are rapidly evolving through both preclinical imaging studies involving transgenic animals and advances in imaging technology. Both SPECT and PET have advantages, including high sensitivity and selectivity, that make them particularly suitable for cardiovascular molecular imaging where targets are frequently small and sparse. 6 The high sensitivity of nuclear methods is coupled with the favorable resolution of CT and MRI to provide multimodality hybrid imaging systems such as SPECT/CT, PET/CT and PET/ MRI. 7 Cardiovascular molecular imaging has evolved considerably within the last decade, with the translation of targeted SPECT and PET imaging to clinical practice. SPECT and PET molecular imaging has current clinical use in the evaluation of atherosclerosis and ischemic heart disease. These techniques visualize targets such as myocardial metabolism, the sympathetic nervous system, postinfarction left ventricular remodeling, angiogenesis, and potentially unstable plaque, using both direct imaging of cellular receptors and indirect imaging of reporter gene expression.
Radiotracer approaches for evaluation of myocardial metabolism and sympathetic function of the heart currently are being used in the evaluation and risk stratification of patients with congestive heart failure (HF) and for selecting patients at risk for sudden cardiac death for implantable defibrillators. 8, 9 Imaging arterial uptake of vascular inflammation with fluorodeoxyglucose (FDG)-PET 10 represents another readily clinically applicable approach, but one in need of further optimization and validation.
The development of hybrid or multimodality probes will facilitate validation and advancement of molecular imaging approaches. For example, combining high-sensitivity radiolabeled probes with fluorescent probes allows both in vivo imaging of molecular processes and cellular localization of probes with specific cell markers. This approach will expedite and optimize probe development, and may be best accomplished with development of hybrid nanoparticles or unique small-molecule fluorochromes. Optimization of targeted imaging will require registration with physiological and/or anatomic images. Further development of radiotracer-based imaging strategies for direct translation to clinical practice rests on the availability of novel targeted probes, novel hybrid instrumentation, and quantitative algorithms.
Magnetic Resonance Imaging and Computed Tomography
Cardiovascular molecular imaging with MRI has focused primarily on 2 classes of imaging agents based on gadolinium or iron oxide. [11] [12] [13] Gadolinium-based agents include perfluorocarbon nanoemulsions 14 and synthetic high-density lipoprotein nanoparticles. 11 Imaging techniques, such as nanoparticleenhanced MRI for vascular or macrophage imaging, are in clinical trials. 15 Ongoing prospective trials will determine whether imaging of vascular or myocardial inflammation with these methods can predict clinical events. 16 As CT imaging has an increasing clinical role for noninvasive imaging of the coronary arteries, research efforts are evolving with CT molecular imaging using either iodinated nanoparticles 17 or gold nanoparticles. 18 Computed tomography hardware developments are occurring rapidly. For example, spectrally resolved CT with photon counting detectors is able to detect individual x-ray quanta and measure their energy. 19 Finally, the development of platforms that can transport contrast moieties attached to vehicles that can deliver a payload to specific biological targets may permit simultaneous visualization of the targeted structure and local delivery of therapeutic agents, an approach dubbed theranostics.
Ultrasound Molecular Imaging
Ultrasound molecular imaging was initiated in 1995 with the introduction of targeted nanobeacons, echogenic liposomes, and subsequently microbubbles. 20 In spite of the large number of ultrasound imaging devices installed worldwide, as well as
Cardiovascular molecular imaging publications from 1987 to 2010. The Scopus database was searched for the terms "molecular" and "imaging" in the title or abstract, and the results obtained were then restricted further by searching on "cardiovascular." The results obtained from the restricted search were then checked manually to include only original research articles and to ensure relevance to "cardiovascular molecular imaging." CVMI indicates cardiovascular molecular imaging. their familiarity, relative ease of use, portability, safety, and low cost, clinical translation of ultrasound molecular imaging has emerged slowly. Development of new contrast agents has suffered from regulatory pressures on existing diagnostic agents due to safety considerations, underfunding of basic research, lack of open-access research platforms for potential developers (in contrast to other platforms such as MRI), and general lack of venture investment in diagnostics. Moving the field forward will require a significant push to develop new, safe, targeted contrast agents operating at the nanoscale to interrogate molecular components of disease beyond the vascular compartment. In concert, new cheaper, portable, programmable, open-access/open-source ultrasound devices are needed, including handheld or laptop-based systems for point-of-care use. Interrogation of the anticipated new nanoscale molecular imaging agents will require novel signal processing strategies less susceptible to noise and other artifacts. 21 Because ultrasound offers a powerful and controllable method for delivering energy into the body for therapy, the linkage between diagnostic and therapeutic agents should be stressed, such as combining imaging and gene delivery, or ultrasound devices operating in concert with other imaging modalities. Hybrid approaches such as photoacoustic imaging are moving ahead rapidly and can take advantage of the newer molecular imaging contrast agents immediately to demonstrate proof of concept, expanding the field for other applications that extend beyond its depth-of-penetration limits. 22
Imaging Cardiovascular Disease Molecular Imaging of Atherosclerosis
Historically, imaging atherosclerosis has been rooted in anatomy, visualizing stenoses, and their ischemic consequences or overall plaque burden. Although useful as an indirect marker of atherosclerotic event risk, the degree of stenosis or calcification does not necessarily predict whether a particular plaque will provoke a clinical event by disruption and thrombosis. Indeed, many fatal coronary artery occlusions arise from lesions that do not cause critical stenoses. Tissue characterization by intravascular ultrasound or CT angiography may refine the structural information, but does not report directly on functional aspects of atherosclerotic plaques. In contrast, molecular imaging of atherosclerosis expands imaging beyond anatomy or flow to visualize processes related mechanistically to plaque complication.
A number of molecular imaging targets for atherosclerosis have been identified. 23 During atherogenesis, dysfunctional endothelium increases the expression of adhesion molecules that bind blood leukocytes. These surface molecules, notably vascular cell adhesion molecule-1, provide imaging targets that can report on the activation state of endothelial cells. Once recruited to the artery wall by adhesion molecules and chemoattractants, blood monocytes become tissue macrophages that can engage in phagocytic activity. Nanoparticles visualized by MRI or by optical techniques undergo phagocytosis by activated macrophages, disclosing the presence and activation state of these phagocytes. Proteolytic enzymes that can degrade plaque's extracellular matrix critically reg-ulate the ability of plaque to resist rupture and hence thrombosis. Molecular imaging approaches to identifying proteases in plaque include labeling small molecular inhibitors that tag enzyme active sites, or detecting protease activity by cleavage of quenched fluorescent substrates to yield an active optical imaging probe. Oxidative stress may also promote plaque complication and report on the biological state of the plaque rather than merely its structure. Oxidants produced by inflammatory cells such as myeloperoxidasegenerated hypochlorous acid can be visualized experimentally with optical sensors. Ultimately, thrombosis causes most coronary artery events. Subtotal or transient thrombosis often precedes the sustained or occlusive thrombi that lead to myocardial infarction. Agents that visualize fibrin crosslinking in thrombi may reveal sites of thrombosis in situ that do not impede flow and would evade detection by traditional techniques.
Challenges to implementation of molecular imaging of atherosclerosis involve the development of clinically translatable platforms for imaging optical signals, perhaps targeting superficial arteries such as the carotid and iliofemoral arteries using noninvasive technology. Catheter-based platforms for interrogating deeper arteries such as the coronary arteries would add to the already widely used invasive intravascular ultrasound techniques.
Peripheral Artery Disease
Molecular imaging in peripheral artery disease has developed more slowly than in other vascular beds. Clinical investigations include high-resolution MRI to determine plaque burden in the carotid arteries and the aorta. 24 In addition, FDG-PET imaging of the carotid artery bifurcation may predict metabolically active plaque. 25 However, there has been no significant advancement in molecular imaging to predict symptom progression or development of critical limb ischemia (ischemic rest pain, nonhealing ulcerations, or gangrene). Micro-SPECT/CT imaging of nitric oxide synthase-deficient mice with experimental hindlimb ischemia using 99m Tc -labeled cyclic-Arg-Gly-Asp peptide targeted to ␣ v integrin provided quantitative assessment of peripheral angiogenesis, potentially very helpful in trials of angiogenesis or cell-based therapy in patients with critical limb ischemia. 26 The management of patients with peripheral artery disease of the lower extremities presents several special clinical needs. As with coronary artery atherosclerosis, assessing the thrombotic potential of atherosclerotic plaque could help to identify those more likely to progress or embolize, resulting in critical limb ischemia. Molecular imaging of the extracranial carotid arteries is critical, as most patients evaluated for carotid artery disease are asymptomatic, with moderate to severe stenosis. Optimal therapy of these asymptomatic patients is debated worldwide, with different camps choosing among carotid endarterectomy, carotid artery stent, and comprehensive medical therapy. Yet, given the very low rates of stroke among patients with moderate asymptomatic internal carotid artery stenosis, determination of plaque with high thrombotic potential would be very helpful. The biological properties of certain atherosclerotic plaques in the internal carotid artery could influence their likelihood of progressing to artery-to-artery embolus, the most common pathogenesis for ischemic events among these patients.
Aortic Aneurysms
With population aging, aortic aneurysms represent a growing problem. These lesions, which often complicate atherosclerosis, develop and enlarge silently. The current standard for imaging aortic aneurysms involves surveillance by duplex ultrasonography or CT for assessment of increase in aneurysm size or treatment options. A methodology to assess the biological activity of the aneurysm wall, beyond simply measuring size, might allow more efficient targeting of therapies to prevent aneurysm growth or to promote more effective minimally invasive intervention to exclude the aneurysm.
The pathophysiology of aneurysm formation suggests several plausible targets for molecular imaging. Most abdominal aortic aneurysms exhibit considerable signs of inflammation, and hence molecular imaging technologies targeting vascular inflammation might provide valuable functional information about aneurysms. Uptake of magnetic nanoparticles at the luminal surface of high-risk aortic aneurysms in humans was shown to correlate with the level of thrombus leukocyte infiltration and proteolytic enzyme activity. 27 Moreover, transmural destruction of elastic laminae in the abdominal aorta is characteristic of aneurysm formation. This elastinolysis correlates with overexpression of various elastolytic enzymes, including matrix metalloproteinases (MMPs) 9 and 12, and cathepsins S and K. As optical imaging methodologies already exist for these proteinases, their use may provide a valuable tool to probe the biological status of the aortic wall and predict clinical consequences of aneurysms more reliably than dimension alone. Aortic aneurysms provide an attractive target for molecular imaging because of their relatively large size compared with atherosclerotic lesions in smaller arterial systems such as the coronary arteries.
Imaging in Heart Failure
With aging of the population, HF has become a major public health concern in the US and worldwide. Randomized clinical trials have established the benefits of blockers of the sympathetic nervous system and the renin-angiotensin-aldosterone system in the treatment of HF, but multiple recent trials of other novel therapies have been largely negative. Molecular imaging has the potential to direct development of new drug, gene, and cell-based therapies and to identify patient subpopulations most likely to respond to such therapies. Molecular targets may also help to identify patients at highest risk for sudden death in whom implantable devices will have the greatest cost effectiveness and clinical impact.
Sympathetic Innervation
Imaging the heart with 123 I radiolabeled meta-iodo-benzylguanidine (mIBG) represents one of the few molecular imaging agents that have endured the arduous scientific journey from bench to bedside. Meta-iodo-benzyl-guanidine has the same reuptake mechanism and endogenous storage as norepinephrine but is not metabolized and does not interact with postsynaptic receptors. Meta-iodo-benzyl-guanidine has received US Food and Drug Administration (FDA) approval for imaging neuroendocrine tumors but is not approved for cardiac neuronal imaging. In patients with coronary artery disease and HF, small single-center studies have reported dissociation between myocardial perfusion, metabolism, and innervation. Noninvasive characterization of these 3 features would allow improved disease definition, more intelligent choice of therapeutic intervention, and closer monitoring of response to treatment. The utility of 123 I-mIBG imaging in patients with HF was evaluated in the recent AdreView Myocardial Imaging for Risk Evaluation in HF (ADMIRE-HF) trial, a multinational, prospective, open-label, phase III trial investigating 123 I-mIBG imaging in patients with symptomatic HF and severe left ventricular systolic dysfunction at risk for cardiac events. Two-year event-free survival was 85% in subjects with normal mIBG uptake, compared with 63% in those with abnormal mIBG uptake. 8 Additional clinical trials are undoubtedly needed to determine efficacy of HF management strategy with mIBG compared with the standard-of-care approach without mIBG imaging. In addition, assessment of sympathetic innervations with PET, using 11 C hydroxyephedrine, has also demonstrated feasibility in assessing prognosis in patients with left ventricular dysfunction. 28
Post-Myocardial Infarction Remodeling
Myocardial infarction results in the activation of the reninangiotensin-aldosterone system, which in turn results in the activation of MMPs within the heart. 9 The renin-angiotensinaldosterone system tracers radiolabeled for molecular imaging include angiotensin-converting enzyme inhibitors and angiotensin receptor I antagonists, such as 18 F fluorobenzoyl lisinopril and 99m Tc-losartan. Another approach to imaging cardiac remodeling uses Cy5.5-Arg-Gly-Asp imaging peptide labeled with Tc-99m to target ␣ v ␤ 3 integrin associated with supermature focal adhesions on myofibroblasts. 29 Tracer uptake is increased almost 3-fold in mouse infarcts 2 weeks post-MI, decreasing toward baseline by 3 months, is inhibited by neurohumoral treatment with captopril, losartan, or spironolactone, and correlates with echocardiographic parameters of remodeling. 30 High-sensitivity MMP-targeted molecular imaging approaches have also been employed to evaluate post-MI remodeling 31, 32 Using a near-infrared probe activated by MMP 2 and 9, increased MMP activity associated with leukocytes was shown in mouse myocardial infarction for 4 weeks after injury, with peak activity 1 to 2 weeks postinfarction. Finally, alterations in collagen have been imaged using a collagen-targeted peptide probe, collagelin; increased uptake of 99m Tc-labeled collagelin was found in scar tissue of rat hearts Ն3 weeks after MI. 33
Apoptosis
Imaging of cardiac apoptosis imaging takes advantage of the binding of annexin V to phosphatidylserine exposed at the cell surface during the apoptotic process. Increased 99m Tclabeled annexin V uptake in the infarct area corresponded to areas of decreased perfusion. 34 Apoptosis has also been studied using MRI and annexin-targeted iron oxide nanoparticles. 35, 36 
Complications of Cardiac Transplantation
Cardiac transplantation has become the ultimate therapeutic option for individuals with advanced HF refractory to medical or mechanical management. Despite effective immunosuppressive therapy, many recipients endure Ն1 episodes of acute parenchymal myocardial rejection, often during the first year after engraftment, and rejection episodes predispose to development of chronic allograft vasculopathy. Because acute rejection episodes often fail to manifest themselves clinically until they are far advanced, recipients undergo serial-surveillance endomyocardial biopsies, entailing discomfort, risk of cardiac perforation, and considerable trouble and expense. Noninvasive imaging modalities to gauge acute myocardial rejection would have a major impact in this patient population. Moreover, the principles of imaging cardiac allograft might apply to other organs such as the kidney and liver.
Although T-lymphocytes instigate the alloimmune response and CD8 ϩ cytolytic T cells effect myocardial cytolysis in this condition, mononuclear phagocytes outnumber lymphocytes in the inflammatory cell infiltrate in acutely rejecting allografts. There has therefore been considerable interest in imaging macrophage functions that provide a greater target for molecular imaging than the lymphocytes themselves. Approaches under development include monitoring the phagocytic capacity of the mononuclear phagocytes by uptake of magnetic nanoparticles using MRI [37] [38] [39] and detection of myeloperoxidase-rich monocytes using a myeloperoxidase-activated gadolinium chelate. 40 Optical techniques may also monitor expression of proteases characteristically abundant in activated mononuclear phagocytes or adhesion molecules involved in leukocyte recruitment in rejecting allografts. Positron emission tomography applications such as FDG uptake might visualize inflammation, but baseline myocardial uptake could confound this technique.
Imaging Valvular Heart Disease
Valvular heart disease is one of the most common cardiovascular disorders worldwide. Over the last decade, research has shown that certain aspects of the pathophysiology of degenerative aortic stenosis are very similar to that of coronary artery disease. Although initial retrospective studies suggested that statin therapy might reduce the rate of progression in aortic stenosis, larger prospective studies have failed to demonstrate a significant benefit. 41 One proposed explanation is that clinically available imaging techniques that measure calcification, decreased leaflet mobility, and reduced valve area only identify the disease at a late stage. The proinflammatory processes that lead to leaflet degeneration have been recently demonstrated in explanted animal specimens using molecular imaging probes. 42 The translation to in vivo molecular imaging could potentially lead to earlier disease detection and selection of patients who may respond to antiinflammatory therapy. Molecular imaging tools that may enhance the detection of valve endocarditis, thrombi, and the identification of asymptomatic patients with valvular disease who are susceptible to developing left ventricular dysfunction or sudden death could also aid clinical practice.
Imaging for Cell Therapy Applications
Stem and progenitor cells have the ability to self renew and the potential for multilineage differentiation. These properties offer the potential for use in regenerative therapies, to repair the heart after injury caused by myocardial infarction, or to restore blood flow in ischemic limbs. Preclinical studies have confirmed that stem and progenitor cells can repair damaged myocardium, but although some clinical studies have also shown promise, results have been inconsistent. 43 These mixed results have raised fundamental questions about the application of stem cell therapy for myocardial regeneration. For instance, what are the intrinsic and extrinsic molecular and cellular factors that affect myocardial improvement? What is the optimal cell type, time of delivery, delivery technique, and cell dosage for therapy? Do these transplanted cells survive, integrate, and proliferate in the short or long term? Similar questions also remain for stem cell therapies for peripheral artery disease, which again show promise in animal studies but uncertain clinical benefit. 44 Given these controversies, imaging cell fate after transplantation has become a high priority in both basic research and clinical translation. To optimize and evaluate the success of cell-based therapy, we must be able to track the location(s) of delivered cells, the duration of cell survival, and any potential adverse effects. Molecular imaging uses cell labeling to provide real-time imaging of the following processes:
(1) stem cell localization and mobilization, (2) short-and long-term survival and proliferation kinetics, (3) differentiation into cardiac cells or fusion with host cardiomyocytes, and (4) activation or regulation of genes or cytokines. Undoubtedly, eventual clinical implementation will require better understanding of the fate and efficacy of stem cell transplantation, which can be achieved quantitatively and qualitatively by various conventional and molecular imaging technologies.
Challenges in Translation of Molecular Imaging Research to Humans
Cardiovascular molecular imaging has an established and growing role in elucidating the underlying pathophysiological mechanisms responsible for diseases of the myocardium and vasculature using small animals. Insights gained from molecular imaging research can identify targets for new drug development. Another goal is the development of molecular imaging agents for novel diagnostic purposes that ultimately can translate to clinical applications. Thus, there is great interest in expansion of molecular imaging probes beyond small animals to large animals and eventually to humans. Yet, important challenges limit this progression to clinical reality related to scalability, cost, and regulatory burden. Development of a new diagnostic imaging agent will undergo the same degree of regulatory oversight by the FDA as the development of a new drug. Bringing a new probe to patients will require millions of dollars and multiple years spent in preclinical work and Phase I and II clinical trials to obtain FDA approval. The incremental costs and delays related to development of good-manufacturing-practices (GMP) facilities and GMP-grade products, and the associated toxicology testing, represent additional barriers to clinical application. Further impediments relate to determination of pharmacokinetics and dosimetry. These challenges may be insurmountable for academic laboratories in which funding depends on peer-reviewed extramural grant support, because existing grant mechanisms are unlikely to support sophisticated GMP facilities or toxicology testing, whether performed internally or contracted through a third party. This impasse might be overcome with novel academia-industry partnerships, but the industry partner in turn would need to be convinced that the potential market for either the diagnostic agent or the resulting new therapeutic agent is sufficient to justify the investment in time and resources. Such partnerships could be enhanced if the NHLBI stimulated the research agenda and if the FDA were involved as a partner in the development and evaluation of new agents and technologies, as well as in their approval and regulation. Innovative mechanisms would need to be created to facilitate faster and more cost-effective translation from small animals to large animals and humans, with support for development of GMP facilities, GMP-grade products, and toxicology testing.
Another barrier to clinical application is the small numbers of centers with current expertise and requisite facilities to perform high-quality molecular-imaging work. There needs to be expansion beyond the luminary centers. Leveraging existing facilities and programs at other institutions has the potential to develop synergies and reduce costs. This effort could lead to development of molecular imaging networks, which could then have a self-sustaining effect on the field by creation of interdisciplinary training, conferences, and workshops. Such networks could also combine sites with expertise in different levels of the translational paradigm, from smallanimal, to large-animal, to early-phase clinical trials. An imaging network or consortium could also have a leveraging effect to enhance NHLBI-academia-industry relationships.
The NHLBI could also stimulate the field by encouraging molecular imaging substudies in new institute-sponsored clinical trials. Outreach and partnering with cardiovascular associations and professional societies to increase awareness, through journals, young investigator conferences, and national meetings, of the potential of molecular imaging to advance the diagnosis, risk assessment, and treatment of patients with cardiovascular disease is another mechanism by which NHLBI could spur the translation of the field toward clinical applications.
Recommendations
To address the challenges identified, the Working Group identified a series of national needs and priorities for the translation of cardiovascular molecular imaging:
• A mechanism to facilitate faster and more cost-effective translation from small animals to large animals and humans, with support for development of GMP facilities, GMP-grade products, and toxicology testing. • Molecular imaging networks or centers that combine sites with expertise in different aspects of translation (eg, smallanimal, large-animal, and phase I and II clinical trials), foster industry collaborations, and promote interdisciplinary training.
• Mechanisms to stimulate discovery and validation of novel imaging targets and biomarkers, including development of appropriate animal models. • Molecular imaging substudies in new NHLBI-sponsored clinical trials in areas such as peripheral artery disease, stem cell therapies, HF, arrhythmias, and acute coronary syndromes.
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